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Abstract: Food intake is an essential contributor to both health and disease. Nutrients
contribute to a beneficial metabolic equilibrium at the cellular level, preventing or delaying
disease onset. Dietary intake contributes to obesity, and obesity supports further cancer
and metastasis. Metastasis, a multifactorial and multistep process, is supported by the
systemic inflammation of obesity. Spreading of the cancer cells requires the presence
of a plethora of recruiter and regulator molecules. Molecules such as chemokines are
provided at high levels by obesity-associated fat depots. Chemokine up-regulation in
adipose tissue of obese individuals has been associated with different types of cancers
such as breast, prostate, colon, liver, and stomach. Chemokines support all metastasis
steps from invasion/migration to intravasation, circulation, extravasation, and ending with
colonization. The obesity pool of chemokines supporting these processes includes CCL2,
CCL3, CCL4, CCL5, CCL7, CCL8, CCL11, CCL18, CCL19, CCL20, CXCL1, CXCL5, CXCL
8, CXCL10, and CXCL12. Keeping obesity under control can be beneficial in reducing the
levels of pro-inflammatory chemokines and the risk of poor cancer outcome. Nutrients can
help, support, and boost cancer treatment effects or jeopardize the treatment. Constituents
with anti-inflammatory and anti-obesity properties such as polyphenols, organosulfur
components, fatty acids, curcumin, and vitamin E have a proven beneficial effect in lowering
obesity and its contribution to metastasis.
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1. Introduction

Obesity is a well-recognized risk factor for cancer development. The Centers for
Disease Control and Prevention (CDC) listed 13 types of cancer associated with obesity [1].
Besides the growing evidence showing the positive impact of obesity metabolic disturbance
on tumor development [2], emerging data support the chronic inflammation induced by
obesity as an add-on to the negative effect of obesity on human health [3]. This review
summarizes and synthesizes chemokines associated with obesity-related inflammation,
cancer, and metastasis and their modulation by nutrients able to reduce the detrimental
effect of excess adiposity.

Adipose tissue cells excrete soluble molecules such as cytokines, chemokines,
adipokines, growth factors, and proteases that act on the neighboring cells to maintain the
body’s physiological equilibrium. An imbalance in the signaling network can lead to and
sustain inflammation. Thus, obesity sustaining inflammation is an important player in
tumor development.

Epidemiological studies support the contribution of obesity to the increased rate of
mortality in different cancers (colon, breast, esophagus, pancreas, kidney, and liver) [4]. Un-
der physiological conditions, the role of inflammation is to restore homeostasis. However,
an excessive inflammatory response has harmful effects. As a consequence, studies are
showing that obesity can be responsible for kinase activation in the liver tissue, such as cjun
N-terminal kinase (JNK), which can be in charge of a high cytokine production [5]. High
levels of circulating pro-inflammatory cytokines are associated not only with obesity per se
but also with different associated diseases, including cancer [6]. Besides cytokines, obesity
systemic inflammation provides a pool of chemokines favoring and supporting metastasis.
Inflammation, as a deep-rooted path of obesity’s contribution to cancer progression [7,8],
follows chemokines and chemokine receptor activation [9].

Chemokines produced by adipose tissue with a role in metastasis are chemokine
(C-C motif) ligand (CCL) CCL2, CCL3, CCL4, CCL5, CCL7, CCL8, CCL11, CCL18, CCL19,
CCL20, C-X-C motif chemokine ligand (CXCL) CXCL1, CXCL5, CXCL 8, CXCL10, CXCL12,
and their receptors C-C chemokine receptor type (CCR) CCR1, CCR2, CCR3, and CCRS.
Among the chemokines involved in all steps of the metastatic process (invasion/migration,
intravasation, circulation, extravasation, and colonization) a very well established and
depicted axis is CCL2/CCR2 [10] (Table 1).

Table 1. Chemokines released by fat depots.

High Level

Chemokine Fat Depot Chemokines Where It Can Act Released by
(Obese vs. Lean)
Perivascular [11,12]
Epicardial [11] . . .
Invasion/migration Fibroblasts
CCIL2 Perirenal [11] Irgyav:is?.tion Macrophages
- y ) irculation : 3
(MCP-1) Subcutaneous [9,11,14,15] [14,15] Extravasation PrAecaﬁilggctyetse?l[;]?]
Omental [11] Colonization pocy
Intermuscular [16]
Subcutaneous [9,15] [15] Invasion/migration
CCL3 Intravasation
MIP-1 ) Circulation
( ) Visceral [9] Extravasation

Colonization
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Table 1. Cont.

High Level
Chemokine Fat Depot Chemokines Where It Can Act Released by
(Obese vs. Lean)
Invasion/migration
CCL4 Subcutaneous [15] [15] Circulation
(MIP-13) - - Extravasation
Pericardial [17] Colonization
Subcutaneous [9,14,15,18] [14,15]
CCL5 - . . .
(Rantes) Visceral [9,18] Invasion/migration
Epicardial [18]
ccLy Subcutaneous [9,14] [14] Invasion/migration [19]
Intravasation :
(MCP-3) Visceral [9] Circulation Preadipocytes [13]
Colonization
CCLs Subcutaneous [9] Invasion/migration
Intravasation .
(MCP-2) Visceral [9] Extravasation Preadipocytes [13]
Colonization
Subcut: 9 Preadi tes [13
(egg)]:i;ll) u\(;u anelo[uj o] Invasion/migration readipocytes [13]
3 isceral [9
CCL18 Invasion/migration ;
(MIP-4) Subcutaneous [15] [15] Intra v/asatgion Adipocytes [13]
(I\%I(Ij,l_‘?)l 95) Subcutaneous [14,20] [14,20] Invasion/migration Adipocytes [13]
Invasion/migration
CCL20 >
; Subcutaneous [15] [15] Intravasation
(MIP-3 «; LARC) Colonization
%XCLl Subcutaneous [14] [14] Inv?rﬁ??v/a?;tgii)?mn Preafjipocytes [13]
(Gro Colonization Adipocytes [13]
(CG)E'SIEZ) Omentum [21] Proliferation/migration/angiogenesis Adipocytes [21]
CXCL5 S . Invasion/migration
(ENA78) Subcutaneous [14] [14] Colonization
CXCL8 Subcutaneous [14] [14] Invasion/migration
(IL-8) Perivascular [12] Colonization
CXCL10 Subcutaneous [14] [14] Invasion/migration Preadipocytes [13]
(IP-10) Omentum [22] Colonization Adipose stem cells [22]
CXCL12 Invasion/migration Adipocytes [23]
(SDE-1) Colonization Adipose stromal cells [24]
Subcutaneous [9]
CCR1 . . .
(CD191) Visceral [9] Invasion/migration
Subcutaneous [9]
CCR2 . . .
(CD192) Visceral [9] Invasion/migration
Subcutaneous [9]
CCR3 . . .
(CD193) Visceral [9] Invasion/migration
Subcutaneous [9]
CCR5 ) . . . .
(CD195) Visceral [9] Invasion/migration Adipose stem cells [22]

Omentum [22]

CCL3 is another well-described chemokine involved in all metastasis steps (Table 1) by

making pairs either with CCR5 [25] or CCR1 [26]. CCL4 involvement in cancer development

has a long history. In spite of the fact that its contribution to cancer development was first
mentioned in 1964 [27,28], like all other chemokines, the data linking CCL4 and metastasis

only emerged in the last 2-3 decades.

In addition to excess food consumption, the quality of the food can make a difference

between health and disease. Fruits, vegetables, and cooked food can improve obesity’s

negative impact and decrease the inflammation interconnected with it. Organosulfur

components, healthy fats, vitamin E, and polyphenols (curcumin, flavonoids, resveratrol,

and stilbenes) have beneficial effects by reducing obesity, inflammation, and associated

diseases, including the spread of cancer cells (Table 2). This effect is supported by a
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tremendous amount of literature data. Thus, organosulfur components lower adipogenesis,

adipose tissue inflammation, cancer development, and CCL2 and CXCL12 release [29-38].

Table 2. Nutrients lowering ) adiposity and chemokine release.

Nutrients Source Effect on Adipose Tissue
Plant-based oils
(wheat-germ,
N soybean, sun flower); CCL2 [39]
Viamin E Nuts (walnuts, peanuts, NF-«B [40] v
almonds);
Fruits and vegetables
Adiposity and adipose tissue
inflammation [41-47], NF-kB [48],
: : CCL2 [49-51], CCL5 [51,52],
Curcumin Rhizome Curcuma longa CCL7 [53], CXCL1 and
CXCL2 [54-56], CXCL10 [57,58],
CXCL12 [59,60] v
Flavonoids
. . . Adipose tissue inflammation [61,62],
Epicatechin Fruits NE-«B [61], CCL2 [61], CCL19 [62]
Epigallocatechin-3- Adipogenesis [63-65], NF-xB, CCL2
gallate Green tea and CCL5 [66]
. . Citrus fruits, tart cherries, ~ Adiposity and adipose tissue
Naringenin tomatoes inflammation [67] *
i Adipose tissue inflammation [68],
Genistein §°ydbea“5' soy-derived CCL2 [69,70], CXCL8 [68,70,71],
oods CXCL12 [72]
Quercetin Fruits and vegetables Adipose tissue inflammation [73] *

Flavonoid fish-oil supplement

Adipose tissue inflammation [74]

Adipose tissue inflammation [75],

Anthocyanins Tart cherry adipogenesis [76] 1
Baicalin Scutellaria baicalensis Adipose tissue inflammation,
Georgi chemokine activity [77]
Cirsium japonicum var.
ussuriense, ; : ;
Cirsimarin Cirsium rhothophilum, I;pogenes;sé adipose cell
Cirsium rhinoceros, iameter [78]
Microtea debilis
Apigenin Fruits and vegetables Adipogenesis [79] *
Organosulfur
components
. . . Obesity [29], adipose tissue
Diallyl disulfide Garlic inflammation [31], CCL2 [31] d
. . . . Adipogenesis [32-34], CCL2 [35],
Diallyl trisulfide Garlic CXCL12 [36] d
. Obesity [37], adipocyte lipid
Sulforaphane Broclcoh, cabbage, accumulation [80], cytokine
cauliflower, kale . v
production [80]
Fatty acids
. . Adipose cell size; NF-kB; CCL2,
n3FAs: ALA, EPA, DHA  Lish, nuts, seeds, ols CCL3, CCL4, CXCL1, CXCLIO,
(canola, soybean) CXCIL8 [81-92] v

Vitamin E lowers CCL2 [39,40]. Curcumin is well recognized as decreasing adipo-

genesis, adipose tissue inflammation, and cytokine and chemokine (CCL2, CCL5, CCL7,
CXCL1, CXCL2, CXCL10, CXCL12, and CXCL12/CXCR4) release [41-57,59,60,93,94]. Simi-
larly, flavonoids (epicatechin, epigallocatechin-3-gallate, naringenin, genistein, quercetin,

flavonoid fish-oil supplement, anthocyanins, baicalin, cirsimarin, and apigenin) lower
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adipogenesis, adipose tissue inflammation, and chemokine (CCL2, CCL5, CCL8, CCL19,
CXCLS8, CXCL12, and CXCR4) release [61-74,77-79].

Omega-3 polyunsaturated fatty acids (n-3 FAs) are important players in both obe-
sity and cancer prevention. A well-balanced n-3—n-6 ratio is essential for good human
health [95]. N-3 FAs have well-known anti-inflammatory properties [96]. A high n-3 diet
decreases prostate [97], mammary [98-100], lung [101], and colorectal [102,103] carcinogen-
esis. N-3 FAs are present in foods such as fish (salmon, mackerel), nuts (walnuts), seeds
(flaxseed) and their oils, and other plant oils (canola, soybean). Among n-3 FAs, o-linolenic
acid (ALA), eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA) are the most
used for human health. Since ALA is an essential fatty acid and cannot be synthetized by
the body, it must be provided by food. The human body can synthetize EPA and DHA
from their precursor, ALA, at a low rate. Therefore, a healthy status is supported by foods
and supplements rich in ALA, EPA, and DHA.

Since obesity has become an epidemic, adipose tissue is now under extensive study,
and new insights are being revealed regarding the complexity of its functionality. When
healthy adipose tissue has a good balance of secreted products (e.g., chemokines), it can
make a difference in the outcome of different diseases including cancer. Mechanisms
involved in inflammatory processes induced by obesity that lead to tumor development
need a more thorough understanding. In this regard, two points are pertinent: (i) how
we can lower the inflammation induced by obesity in order to prevent or slow tumor
progression and /or resistance to the classic chemotherapeutics; and (ii) how food intake
can reduce the excess of adipose tissue, inflammation, and obesity-induced chemokine
levels in the hope of lowering the risk of obesity-favored tumors.

2. Adipose Tissue in Obesity

Body fat is a widely spread organ with multiple functions (energy storage, thermogen-
esis, secretion of hormones, adipokines, cytokines, and chemokines). A simple classification
of body fat is by morphology (white, brown, and beige) [104]. The most common clas-
sification is by localization (e.g., upper body, lower body, subcutaneous, visceral, and
ectopic) [104-107]. Accumulation and enlargement of normally distributed adipose tissue
and the ectopic localization of the fat depots are characteristic for obesity. The ectopic local-
ization of adipose tissue affects tissues and organs such as the liver, muscles, vasculature,
epicardium, and kidneys. The main cell type presented in adipose tissue is adipocytes.
In addition, several other cell types are part of the tissue: preadipocytes, stromal/stem
cells, fibroblasts, macrophages, and endothelial cells. Chronic inflammation benefits from
the support of a widely distributed organ composed of different cell types that secrete a
plethora of pro-inflammatory molecules.

Obesity-associated body fat influences not only the release of pro-inflammatory
molecules but also directly interacts with tumor cells influencing their behavior. As a
response to the changes in the microenvironment caused by obesity, tumor cells adjust the
expression of chemokine receptors (such as CXCR4, CXCR7, and CCR2). This adjustment
allows them to migrate to tissues (such as distant organs) where chemokines are elevated.
Thus, tumor cells are intrinsically able to support both adipose tissue and tumor microenvi-
ronment inflammation. This leads to the recruitment of inflammatory cells generating a
positive feedback loop that further support tumor progression and metastasis [108].

3. Chemokine Contribution to Obesity Chronic Inflammation
and Metastasis

Chemokines (chemotactic cytokines) initially established as leukocyte recruiters [109]
play a key role in tumor cell trafficking and metastasis [110]. In this context, a particular
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interest in the obesity systemic inflammation might focus on perivascular adipose tissue.
The recent focus has mainly been on studies showing the role of perivascular adipose
tissue cytokines/chemokines in the health of vasculature. A study published by Chatterjee
TK et al. in 2009 supports the pro-inflammatory action of a high-fat diet on perivascular
adipocytes. The authors showed that CCL2 (alias monocyte chemoattractant protein 1
(MCP-1)) is increased in perivascular adipocytes due to diet. Moreover, the amount of CCL2
is depot specific [11]. CCL2 as a pro-inflammatory molecule is an essential recruiter of
macrophages to both adipose tissue and tumor microenvironment. Another study showed
that, besides CCL2, the perivascular adipose tissue secretes CXCLS8 (alias interleukin 8,
IL-8) [12]. CXCLS has a well-defined role in metastasis by facilitating tumor cell migration,
increased vascular permeability, and new blood vessel formation [111]. Thus, high CXCL8
levels are associated with the presence of different cancers (oesophageal, gastric, pancreatic,
breast, and kidney cancer) [112-116], metastasis, and drug resistance [116]. In order to
support both metastasis and drug resistance, CXCLS activates the serine/threonine kinase
Akt pathway (protein kinase B) via CXCR2 [116].

The expression of CXCLS8 alongside the chemokines CCL2, CCL5, CCL7, CCL19,
CXCL1, CXCL5, and CXCL10 was found to be up-regulated in the subcutaneous adipose
tissue of obese subjects [14] (Table 1). Moreover, the gene expression of CCL2, CCL3, CCLS5,
CCL7, CCL8, CCL11, and their receptors (CCR1, CCR2, CCR3, and CCR5) was found to be
higher in both the subcutaneous and visceral adipose tissue of obese individuals [9].

CCL3 (alias macrophage inflammatory proteins-1a (MIP-1¢)) and CCL4 (MIP-13),
secreted by macrophages and T cells and also by adipocytes [9,15,17], contribute to chronic
inflammation by recruiting monocytes, T cells, and neutrophils to the inflammatory sites.
In the tumor microenvironment, CCL3 and CCL4 help to establish a favorable niche for
cancer cell dissemination.

CCL5 (alias regulated on activation normal T-cell expressed and secreted (RANTES))
associated with obesity is an important recruiter of monocytic myeloid-derived suppressor
cells (MDSCs). Under obese conditions, CCL5/CCRb5 signaling contributes to adipose tis-
sue inflammation by enabling MDSC differentiation to tissue macrophages [117]. Moreover,
CCLS5 facilitates the migration and invasion of tumor cells through its interaction with CCR5
receptors present on these cells. Elevated concentrations of CCL5 within the tumor mi-
croenvironment contribute to immune evasion by recruiting immune cells that promote the
survival and migration of cancer cells, thereby heightening the risk of metastasis [118-121].

CXCL1 (alias growth-regulated protein alpha Gro alpha, Grol, melanoma growth-
stimulating activity, alpha (MGSA-«x)) released by adipocytes and preadipocytes [13] is
associated with invasive breast cancer and metastasis. The process is supported by CXCL1
recruiting myeloid cells to tumors [122] through the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB)/SRY (sex-determining region Y)-Box Transcription
Factor 4 (SOX4) activation [123]. CXCL1 is a strategic player in bladder cancer, supporting
repeated intravesical recurrence and disease progression [124].

CXCL12 (alias stromal cell-derived factor 1, SDF-1) is defined as a macrophage chemo-
tactic factor released by adipocytes, stromal cells, and various cancer cells. It is a potent
attractant for different cell types (immune, endothelial, and tumor cells), expressing its
receptor, CXCR4. And its increased levels are observed in adipose tissue and tumors
associated with obesity [23]. CXCL12 and its receptor CXCR4 are associated with the devel-
opment of both different organ tumors and metastasis. Therefore, CXCL12 not only helps
cancer cells find the nest, but also improves tumor-associated inflammation, facilitating the
establishment of a metastatic niche [125-127].

Adipose tissue contributes not only to a local increase in chemokines, it can also
contribute to a rise in serum chemokine levels. In this respect, high serum levels of
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chemokines have been found in different types of cancers. CCL2 is high in both serum and
tumor tissue from patients with non-small-cell lung cancer [128]. Serum levels of CCL2
are also high in patients with ovarian cancer [129], nasopharyngeal carcinoma [130], and
pancreatic cancer compared to healthy subjects [131]. CCL3 has been found to be high
in the plasma of patients with non-small-cell lung carcinoma [132]. CCL4, CCL5, and
CXCLS5 are high in the serum of patients with hepatocellular carcinoma [133]. Human
epidermal growth factor receptor 2 (Her2) (alias receptor tyrosine-protein kinase erbB-2
(ERBB2) or cluster of differentiation 340 (CD340))-positive breast cancer patients have high
serum levels of CCL5 associated with poor prognosis [134]. CXCLS8 has been found to be
higher in the serum of patients with oesophageal, gastric, pancreatic, breast, or kidney
cancer [112-116]. A high serum expression of CXCLS is correlated with poor outcome
of disease [116]. High plasma CXCL10 levels among other factors are associated with
a poor outcome in metastatic renal cell carcinoma patients treated with antiangiogenic
therapy [135]. CCL11 is elevated in the serum of patients with esophageal squamous
cell carcinoma [136] or gastric cancer [137]. High serum CCL18 is associated with a poor
prognosis in patients with different carcinoma such as laryngeal squamous cell [138],
squamous cell carcinoma of the head and neck [139], breast cancer [140], non-small-cell
lung carcinoma [141], and pancreatic ductal carcinoma [142].

4. Management of Obesity and Associated Tumor Processes

Adipose tissue in obesity provides a microenvironment characterized by endo/para
and autocrine changes that may promote the initiation and/or progression of tumor
processes. In this context, adipose tissue metabolic processes drive the long-term pro-
inflammatory status. Among the processes supporting chronic inflammation is hypoxia.
The partial pressure of oxygen in the adipose tissue of obese individuals is lower than in
lean individuals [143]. Hypoxia occurring in the fat tissue of obese individuals is respon-
sible for the increased expression of transcription factors: NF-kB and hypoxia-inducible
factor-1oc (HIF-1cr). Both chronic and cyclic hypoxia maintain a high pro-inflammatory
status [144]. Some studies emphasize that cyclic hypoxia might induce a higher expression
of NF-kB and a greater pro-inflammatory response than chronic hypoxia [145]. Such a
response triggers the release of CCL2, CXCL1, and CXCLS8 [145] (Figure 1). CCL2 released
by omental adipocytes facilitates the migration and omental metastasis of ovarian can-
cer through the activation of PI3K/AKT/mTOR followed by an increase in HIF-1ox and
vascular endothelial growth factor A (VEGF-A) [146]. The release of HIF-1o influences
the synthesis of a large variety of proteins, such as collagen, metalloproteinase, metallo-
proteinases inhibitors, cytokines (interleukin 6 (IL-6), TNF), chemokines (CCL2, CXCLS,
and CXCL12), and chemokine receptors (CXCR4) contributing to cell proliferation and
metastasis [127,147-151]. High HIF-1a and CXCLS are associated with the development
of hepatocellular carcinoma and metastasis [151]. HIF also induces high CXCL12/CXCR4
responsible for breast cancer progression and metastasis [127]. CXCL12 is defined as
a hypoxia-regulated gene strongly linked to carcinogenesis being responsible for drug
resistance and metastasis [144].
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Signaling pathways

Wnt/beta catenin
AKT

NF-kB/SOX4
PI3K/AKT/mTOR

Chemokine Activators | cCL2, CCL3, CCL4, CCLS, CCL19, CCL20 ERK/ELK1/EGR1
NF-KB CXCL1, CXCLS, CXCLS, CXCL10, CXCL12 ;TAB
ac
HIF-10 e
VEGF-A JAK2/STAT3
TNF-o Notchl

FOXO1/CEBPB/NF-kB
EGFR

HER2
Src/STAT3/ERK1/2

Figure 1. Chemokines released by adipose tissue are part of multiple signaling loops that support
inflammation, cancer, metastasis, and drug resistance.

Another process contributing to obesity systemic inflammation supporting metastasis
is aerobic glycolysis. This process generates nutrients (lactate and pyruvate) required by
tumor cells to complete mitochondrial oxidative metabolism. The process is known as the
inverted Warburg effect, in which the mitochondria of tumor cells, via the process of beta-
oxidation, use free fatty acids generated through lipolysis by stromal adipocytes [152,153].
Aerobic glycolysis is supported by the infiltration of macrophages into the white adi-
pose tissue. Once activated, so-called M1 macrophages are pro-inflammatory and induce
aerobic glycolysis [154]. Among the stimuli that activate M1 macrophages, there are
CCLS, 19, 20, and CXCL10 [154]. These stimuli are released either by preadipocytes or
adipocytes [13]. Glycolysis also requires the presence of hypoxia-activated glycolytic genes
(aldolase, fructose-bisphosphate C (ALDOC), enolase 2 (ENO2), hexokinase (HK1, 2), and
phosphofructokinase, platelet (PFKP)) [143,144].

NF-kB activation is present in animals fed with a high-fat diet, as well as in obese
individuals [155-157]. It is responsible for maintaining an inflammatory environment by
triggering chemokines CCL 3, 4, 5, 19, 20 and CXCL 1, 5, 8, 10 [158,159] (Figure 1), the
survival of adipose tissue macrophages [160], and a positive feedback loop CXCL 1, 8 -NF-
kB [159]. Moreover, NF-«kB supports white adipose tissue (WAT) inflammation throughout
cachexia. NF-kBp65 and its target CCL2 were found to be higher in adipose tissue of cancer
cachectic patients compared to non-cachectic cancer or cancer-free patients [161].

Another contributor to tumor development and metastasis delivered by adipose
tissue is adipose stromal/stem cells (ASCs). ASCs, largely present in WAT, have an
obesity-associated high proliferative capability and can migrate from WAT to the tu-
mor site, contributing to tumor progression [162-164]. The trafficking of ASCs is sup-
ported by chemokines that have a role in invasion/migration and colonization such as
CXCL1 and CXCLS8 [165,166]. There are studies showing that ASCs are able to differ-
entiate into carcinoma-associated fibroblasts supporting tumor invasion [167]. The ASC
tumor-promoting effect is documented for different cancers: breast [168], ovarian [22], and
prostate [24]. The metastasis of breast cancer xenografts is induced by human ASCs [169].
Prostate cancer chemoresistance is associated with ASCs releasing CXCL12 [24]. Also,
ASCs have a high expression of CCR5 and release CXCL-10 in ovarian cancer [22].

In a study conducted by Arendt LM, a so-called adipose stromal vascular fraction, com-
prising adipocytes (stem cells, pre- and mature adipocytes) and other stromal cells, recruits
macrophages through CCL2/CXCL12 signaling [170]. The recruitment of macrophages,
as was mentioned above, is a pillar in sustained inflammation and tumor progression
supported by obesity.

In addition to ASCs, another set of interactions involves cancer-associated adipocytes
(CAAsS) as an interface between adipocytes and tumor cells. Compared to adipocytes,
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CAAs have a smaller size and lipid droplets, and a different pattern of differentiation
markers [171]. To transform into CAAs, adipocytes need to go through lipolysis, which is
induced by tumor cells [171]. CAAs are better equipped to support tumor invasion and
metastasis by releasing CCL2, CCL5, CXCLS, IL-6, leptin, adiponectin, and VEGF [171,172].
CAAs are defined as high producers of CXCLS8 [173], CCL2, and IL-6 [174] associated
with breast cancer development. Also, the release of CCL2, CXCL1, and II-6 by CAAs is
associated with bladder cancer cell migration [175].

5. Adipose Tissue, Chemokines, and Chemo-Resistance

Chemoresistance benefits from the support of adipose tissue environment. Therefore,
adipocytes are responsible for the resistance of acute lymphoblastic leukemia cells to
daunorubicin and vincristine. One possible mechanism of daunorubicin resistance is the
oxidative stress protection provided by adipocytes to leukemia cells [176]. Resistance
to vincristine might be induced by adipocytes concealing the drug and increasing the
expression of survival signaling [177]. Literature covering the support of adipose tissue in
breast cancer development is very well documented. Studies are showing that adipocytes
and adipose-derived stem cells are responsible for breast cancer cell resistance to tamoxifen
and paclitaxel, respectively [178,179].

CCL2 has a proven role in drug resistance by activating the PI3K-Akt-mTOR signaling
pathway in different cancers: breast [180], gastric [181], glioma [182], lung [183], and
ovarian [184]. In order to exert its role in drug resistance, CCL2 is a part of different
feedback loops such asNF-«B [181,184]; extracellular signal-regulated kinase (ERK)-ETS
domain transcription factor 1 (ELK1)-early Growth Response 1 (EGR1) [185] (Figure 1).

CCL5 signaling through beta-catenin/signal transducers and activators of transcrip-
tion 3 (STAT3) promotes both metastasis and drug resistance in prostate cancer [119,120]. A
2013 study on prostate cancer patients showed that the CCL5 serum levels were not different
among patients groups: (i) negative prostate biopsy, (ii) initial diagnosis of prostate cancer,
and (iii) taxane-resistant groups [186]. The study emphasizes the importance of CCR1 in the
development of taxane-resistant prostate cancer. In a cell culture setup, the CCR1/CCL5
interaction supports the invasion of taxane-resistant prostate cancer cells through the acti-
vation of ERK and Rac signaling pathways [186]. Also, CCL5 signaling is associated with
glioblastoma resistance to temozolomide [187]. CCL5 decreases breast cancer cell respon-
siveness to epirubicin. Moreover, CCL5 enhances breast cancer migration and invasion
accompanied by increased vimentin and decreased e-cadherin expression [121]. High CCL5
expression has a role in breast cancer cell resistance to trastuzumab by ERK phosphory-
lation [134] and tamoxifen by STAT3 activation [188]. Platinum-based therapy-resistant
ovarian cancer patients have a higher expression of CCL5 compared to chemo-sensitive
patients [189]. High CCL5 expression promotes chemo-resistance through the STAT3 and
PI3K/AKT signaling pathways [189]. Additionally, CCL5 supports the aggressiveness of
ovarian cancer by attracting regulatory T cells [118]. Up-regulation of CCL5 is also present
in bevacizumab-resistant head and neck squamous cell carcinoma [190].

CCL18 is associated with the chemo-resistance of lung cancer cells to cisplatin [191].
CCL20 has a role in crizotinib resistance in non-small-cell lung cancer. This drug resis-
tance is induced by the activation of angiogenesis through Janus kinase 2 (JAK2)/STAT3-
CCL20-VEGFA/IL6 [192]. High expression of CCL20 suppresses the response to im-
munotherapy and is linked to epithelial-mesenchymal transition and the TNF signal
pathway in lung adenocarcinoma [193]. Similarly, in pancreatic ductal adenocarcinoma,
CCL20 is associated with NF-kB-mediated TNF-related apoptosis-inducing ligand (TRAIL)
resistance [194]. In ovarian cancer, it is associated with the resistance to paclitaxel via
the Notchl pathway [195] and the regulation of ABCB1 expression [196]. In chemo-
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resistant colorectal cancer, CCL20 recruits Tregs to support the process through the fork-
head box protein O1 (FOXO1)/CCAAT/enhancer-binding protein beta (CEBPB)/NF-«B
pathway [197] (Figure 1).

CXCL1 supports breast, bladder, and colorectal cancer cell survival under chemother-
apy. A study published by Acharyya S. et al. in 2012 showed that breast cancer has high
expression of CCL20 and CXCL3 as a response to drugs. The response to chemotherapy
elicits the TNF-a-CXCL1/2-S100A8/9 paracrine pathway, leading to chemo-resistance
and metastasis [122]. In colorectal cancer, a high CXCL1/5 expression is maintained via
the CXCR/MMPI/epidermal growth factor (EGF) pathway [198]. Moreover, colon cancer
patients under cetuximab therapy have the serum levels of CXCL1/5 correlated with the
presence of Ras/Raf mutation [198].

CXCL5 high expression in bladder cancer is associated with mitomycin C resistance via
NF-«B activation [199], and in kidney and breast cancer, it is associated with resistance to
lysosomotropic drugs (sunitinib, lapatinib, and chloroquine) [200]. In lung cancer, CXCL5
induces resistance to checkpoint inhibitors [201].

CXCLS is well recognized for its contribution to chemo-resistance and activation of
pro-survival pathways. CXCLS is associated with resistance to multiple chemotherapeutic
approaches including platinum-based drugs in ovarian cancer [202], epidermal growth
factor receptor (EGFR) inhibitors in lung cancer [203], cisplatin and doxorubicin in hep-
atocellular carcinoma [204], and gemcitabine in pancreatic cancer [205]. Pancreatic cells
respond to gemcitabine treatment by a boosted expression of CXCLS following ROS gener-
ation and NF-«B activation [206]. Similarly, melanoma cells respond to dacarbazine by a
high level of CXCLS8 in a NF-kB-dependent manner [207]. High expression of CXCLS in
colorectal cancer is part of the Myc/CXCL8/tissue inhibitor of metalloproteinase 1 (TIMP1)
oncogenic mark [208]. Thus, it regulates resistance to cetuximab through the activation
of the EGFR pathway [209] and doxorubicin by the modulation of multidrug resistance 1
(MDR1) via inhibitor of nuclear factor kappa-B kinase subunit beta 1 (IKK-f/p65) [210].
PI3K, Her2, JAK, and CXCLS8 network signaling is responsible for the resistance to PI3K
inhibitors [211]. The CXCL8 drug resistance system is supported by recent studies showing
connector molecules like Src homology-2 domain-containing protein tyrosine phosphatase-
2 (SHP2), which mediates the CXCL8-CXCR1/2 feedback loop through ERK-AKT-NF«B
and Src homology-2 domain-containing protein tyrosine phosphatase-2 (GSK33)-3-catenin
signaling [212]. Her-2-positive breast cancer resistance to lapatinib is induced by CXCL8
through the activation of Src/STAT3/ERK1/2-mediated EGFR signaling [213]. CXCL38
exerts its action by triggering multidrug resistance genes like ABCB1 in tumor blood ves-
sels [214], ABCB5 in mesothelioma [215], and ABCB 1 in gastric cancer [216] and increasing
the expression of NF-«kB-regulated antiapoptotic genes like B-cell lymphoma 2 (Bcl-2) and
inhibitor of apoptosis (IAP) families [217].

CXCL10 is associated with breast cancer resistance to tamoxifen [218], pancreatic
cancer resistance to gemcitabine [219], renal carcinoma resistance to sunitinib and pa-
zopanib [135], and childhood acute lymphoblastic leukemia resistance to chemotherapy-
induced apoptosis [220].

CXCL12 has a well-established role in gastrointestinal cancer resistance to chemother-
apy, where it is linked to disease progression, anti-programmed cell death protein 1 (anti-
PD-1) [221], and 5-fluorouracil resistance [222]. In pancreatic cancer, it is associated with
gemcitabine resistance through the activation of FAK, ERK, AKT, (3-catenin, and NF-
kB [223] and the induction of special AT-rich sequence-binding protein-1 (SATB-1) [224].
Moreover, it is associated with ovarian cancer resistance to cisplatin via the Wnt/ 3-catenin
pathway [225]. CXCL12 plays a role in the resistance of leukemia cells to tyrosine kinase
inhibitors [226]. In colorectal cancer, CXCL12 mediates resistance to 5-fluorouracil by
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targeting miR-125b [227]. Glioblastoma cell resistance to temozolomide is mediated by
CXCL12 by forkhead box protein M1 (FOXM1) up-regulation [228]. High expression of
CXCL12 is linked with MDR1 overexpression in chronic myelogenous leukemia [229].

6. Nutrients Disabling the Detrimental Effect of Excess Adiposity

Nutrients can act as a support for body health or as a disease trigger. Components
with excellent anti-inflammatory and antioxidant properties can lower obesity-related
chemokine levels (Figure 2).
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Figure 2. The spread of tumor cells supported by obesity can be impaired by healthy foods. Through
their beneficial effect, nutrients can reduce the release of pro-inflammatory chemokines from adipose
tissue.

6.1. Vitamin E

CCL2 seems to be an essential target of vitamin E since CCL2 levels greatly decrease
in individuals taking vitamin E supplements [39]. Vitamin E family members, such as to-
cotrienols, improve the adverse effect of TNF-« in adipocytes by lowering NF-kB activation
and CCL2 secretion [40]. Besides supplements, good sources of vitamin E are plant-based
oils (wheat germ, soybean, and sunflower), nuts (walnuts, peanuts, and almonds), and
fruits and vegetables (mango, avocado, asparagus, and red bell pepper) (Table 2).

6.2. Curcumin

Curcumin reduces both adiposity and adipose tissue inflammation in mice [41]. Cur-
cumin and white pepper lower high-fat-induced pro-inflammatory cytokines in subcu-
taneous adipose tissue [42]. The authors state that the effect is independent of adiposity,
immune cell recruitment, and gut microbiota changes. A study performed on rats shows
that curcumin protects against weight regain and limits adipose tissue growth [43]. More-
over, a study using a rat model for obesity-inducing multi-organ dysfunctionalities supports
curcumin’s anti-obesity and anti-inflammatory effects [44]. The weight of epididymal adi-
pose tissue in rats is reduced by curcuminoid intake in a dose-dependent manner [45].
In humans, overweight subjects taking curcumin showed a weight loss and reduction in
body fat [46]. Advanced pancreatic cancer patients treated with curcumin had a greater
loss of subcutaneous adipose tissue and muscle compared to untreated patients [47]. Cur-
cumin inhibits the NF-kB pathway in adipocytes, reducing cytokine expression and chronic
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inflammation [48]. Curcumin blocks CCL2-induced adhesion, invasion, and motility of
prostate cancer cells [49]. CCL2 expression in plasma and intestinal tissue in a mouse model
of colon cancer is decreased by curcumin [50]. A curcumin-supplemented diet lowers the
serum levels of CCL5 in rats [52]. Both CCL5 and CCL2 are down-regulated in mouse
bone marrow stromal cells by curcumin [51]. CCL7 serum level and lung inflammation are
lowered by curcumin [53].

Curcumin inhibits the up-regulation of CXCL1 and CXCL2 induced by 5-fluorouracil
in the colon [54]. In breast and prostate cancer, both chemokines are down-regulated by
curcumin via NF-«B signaling [55,56]. Another modulator of curcumin’s impact on CXCL1
and 2 levels in breast cancer is miR181b [93]. Curcumin is associated with reduced CXCL10
expression in hepatic tissue [57] and the brain [58]. Curcumin inhibits CXCL12-induced
invasion of human esophageal carcinoma cells via the Rac1-PI3K signaling pathway [59].
New curcumin delivery systems act efficiently to suppress the CXCL12/CXCR4 axis and
improve the gemcitabine effect on pancreatic cancer [94]. Curcumin weakens endometrial
adenocarcinoma cell migration with the down-regulation of CXCL12 via Slit-2 media-
tion [60].

6.3. Flavonoids

Among flavonoids, epicatechin, which is largely present in fruits, acts as an anti-
inflammatory on fat tissue by lowering NF-«kB pro-inflammatory signals and CCL2 [61]
and CCL19 [62] tissue chemokines (Table 2). Epigallocatechin-3-gallate (EGCG), highly
present in green tea, reduces obesity and white adipose tissue gain in mice [63,64]. In
humans, EGCG in the presence of resveratrol decreases adipogenesis, oxidative stress, and
inflammation-related gene expression [65]. Besides its anti-inflammatory effect, EGCG is
able to prevent the development of a CAA-like phenotypes in ASCs by inhibiting CCL2,
CCL5, immunomodulators (HIF-1x, VEGF«), and NF-«B activation. The same study
shows that EGCG hinders the chemotactic response of adipose-derived mesenchymal
stem/stromal cells to the triple-negative breast cancer secretome [66].

In a model of obese ovariectomized mice, the flavanone naringenin managed to
reduce adiposity and adipose tissue inflammation, and delayed the growth of mammary
tumors [67]. The isoflavone genistein has well-recognized anti-obesity and anti-cancer
properties. Accordingly, genistein down-regulates CXCL12, lowering the migratory and
invasive potential of breast and ovarian cancer cells [72]. In an experimental design using
human umbilical vascular endothelial cells stimulated with TNF-alpha, genistein was
more efficient than daidzein in decreasing the CCL-2 in a dose-dependent manner [69]. In
mice, dietary genistein inhibited TNF-alpha-induced CCL-2 and CXCL8 production [70].
Genistein also blocks the proliferation of melanoma cells by reducing CXCLS levels [71].
On human synovial fibroblasts, genistein has adipogenic and anti-inflammatory effects. So
it is able to reduce both endogenous and TNF-alpha-induced CXCLS [68].

Quercetin alone or in the presence of green tea extract down-regulates the inflamma-
tory response in adipose tissue of high-fat-diet mice [73]. In humans, a mixed flavonoid—fish
oil supplement has an anti-inflammatory effect in obese and overweight women [74]. Tart
cherry is presented as an important source of flavonoids such as anthocyanins. Obese rats
fed with a diet rich in tart cherry showed a decrease in inflammatory markers in visceral
(retroperitoneal and perigonadal) fat, which was not accompanied by changes in visceral fat
accumulation [75]. A 2021 study emphasized that tart cherry supplements might have an
anti-adipogenic effect by acting directly on the adipose tissue and down-regulating the high-
fat-diet-induced mRNA expression of cannabinoid CB1 receptor, peroxisomeproliferator-
activated receptor gamma (PPARY), and sterol regulatory element-binding protein 1c
(SREBP-1c) adipogenesis-related genes and transient receptor potential vanilloid subtype
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1 (TRPV1) and 2 (TRPV2) channels [76]. Baicalin, a flavonoid extracted from Scutellaria
baicalensis Georgi, decreases the cell migration induced by chemokines. In order to ex-
ert its anti-inflammatory action and limit chemokine activity, baicalin binds to different
chemokines (CXCL12, CXCLS8, CCL4, and CCLS) [77]. Cirsimarin, a flavonoid obtained
from different species such as Cirsium japonicum var. ussuriense, Cirsium rhothophilum,
Cirsium rhinoceros, and Microtea debilis, has anti-lipogenic activity and is able to decrease the
intra-abdominal fat in mice by lowering the adipose cell diameter [78]. In the same line,
apigenin, abundant in fruits and vegetables, is able to reduce the body weight and visceral
fat in obese mice [79].

6.4. Organosulfur Components

Another group of food constituents with anti-inflammatory and anti-obesity prop-
erties is organosulfur components (Table 2). Vegetables such as garlic, onion, cabbage,
cauliflower, and broccoli are excellent sources of organosulfur components. Garlic and
onion oils have an anti-obesity effect on rats fed a high-fat diet [29]. Garlic constituents, dial-
lyl disulfide and diallyl trisulfide, have emerged as new therapeutic agents to subdue drug
resistance in breast cancer [30]. Diallyl disulfide can suppress the accumulation/activation
of macrophages in adipose tissue and inhibit the release of CCL2 from adipocytes lowering
the inflammatory status induced by obesity [31]. Diallyl trisulfide prevents adipogenesis
in animal models of diet-induced obesity and cultured adipocytes [32-34]. Experiments
performed on triple-negative breast cancer cells showed that diallyl trisulfide can target
CCL2 and other molecules, inducing cell death and inhibiting cell migration [35]. In a
pro-inflammatory experimental model, diallyl trisulfide inhibited the activation of CXCL12,
showing its anti-chemo-attractive potential [36]. Sulforaphane, another promising com-
pound in lowering obesity and its negative effects [37], is an isothiocyanate present in
broccoli, cabbage, cauliflower, and kale [38]. Sulforaphane is able to reduce adipocyte lipid
accumulation and lower cytokine production [80].

6.5. Fatty Acids

Fatty acids are key players in adipose tissue development and function. N-3 FAs
have a very well-established beneficial effect on human wellbeing (Table 2). A study
using keratinocytes and T cells shows that ALA is able to decrease levels of CCL2, CXCL1,
CXCL10, and CXCL8 [81]. In an obesity model comprising rodents fed with ALA-rich
flaxseed oil for 8 weeks, the CCL2 level was reduced, as well as adipocyte size and T-
cell infiltration in adipose tissue [82]. In another study using a hybrid cell line, EPA
and DHA lowered the production of CCL-2 and CXCL-8 [83]. Besides preventing high-
fat-diet-induced obesity, EPA in mice is also able to reduce adipose tissue inflammation,
adipogenesis, and adipocyte size [84]. In a mouse experimental model of prostate cancer,
n-3 FAs lowered the infiltration of macrophages and CCL-2 expression [85]. Experiments
using adipocytes generated from human subcutaneous adipose biopsies supported the n-3
FAs lowering CCL-2 levels [86]. CCL-2 and other pro-inflammatory molecules such as IL-6,
NFKkB, and Ptgs2 have a decreased level in mammary glands of mice fed with n-3 FAs. In
these mice, mammary glands and abdominal fat have smaller adipocytes [87]. A co-culture
experiment using adipocytes and murine splenic CD8+ T cells has shown that the levels of
secreted CCL-3 and CCL-4 are reduced in the presence of n-3 FAs [88]. Conversely, a study
using 60% calories from fat with low n-3 and high n-6 (n-6-n-3 ratio of 9:1) showed that
this high-fat diet is responsible not only for increased body weight, fat mass, and pancreas
weight but also for increased mesenteric adipose tissue and pancreas metaplasia [89].

N-3 fats exert their beneficial role acting on multiple levels, generating a network of
interactions. In 2012, Philip Calder published a comprehensive review of n-3 FA mecha-
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nisms of action [90]. N-3 FAs can reduce obesity by keeping the systemic and tissue-specific
lipid homeostasis under control via transcription factors (NFkB, SERBP, and PPAR) [90,91]
and the tricarboxylic acid cycle [92]. Moreover, a well-balanced diet can support the psy-
chophysical wellbeing of cancer patients, especially those being treated with chemotherapy.
In this regard, n-3 FAs, along with antioxidants and fiber, may have a beneficial impact on
cognitive function and reduce the prevalence of depression and anxiety in colorectal cancer
patients [230].

7. Conclusions

Obesity is a preventable disease. The treatment approaches should take into consider-
ation that a healthy diet not only promotes weight management but also mitigates the in-
flammatory processes associated with cancer progression. Dietary changes can significantly
improve the overall quality of life for obese cancer patients, reducing treatment-related
adverse effects and fostering both physical and mental health. Polyphenols, organosulfur
components, and fatty acids are a few categories of active food elements that effectively
support and improve human health. Unfortunately, in these times, we are more prone to
study real foods than to eat them. So, how can we lower obesity supporting inflammation
and metastasis? Besides allopathic, osteopathic, and homeopathic medicine, the new drug
combinations and delivery systems, basically what is left to tackle is food intake. There
is no magic pill to lower obesity and affect the systemic inflammation associated with it.
To maintain a healthy state is a lifelong multi-step process and is beyond the individual
(e.g., culinary traditions, life style, race, and ethnicity). Once the disease is present, to undo
the damage is an intricate effort. To have a real impact on the prevalence of global obesity
and to reduce the obesogenic environment, prevention should address not only the indi-
vidual (e.g., nutrition and personalized diets, exercising and weight loss medication) but
also, and especially, food systems. Food systems are essential to balancing the obesogenic
environment with healthy choices. Policy changes should be implemented to lower the
sugar content of the foods and to regulate taste enhancers, food colorants, and high-calorie
and low-nutrient ultra-processed foods.

8. Future Perspectives

Future applications should address the efficiency of different dietary constituents in
treating cancer. This might involve the utilization of vitamin E as a complementary therapy
alongside conventional treatments, with the objective of enhancing therapeutic efficacy
and minimizing the side effects associated with chemotherapy. Moreover, to maximize
curcumin efficiency in cancer treatment, new perspectives are required to improve its
bioavailability through innovative formulations or delivery systems. Integration of dietary
compounds into established cancer treatment protocols could result in more compressive
and holistic approaches, such as the development of flavonoid-rich supplements or foods,
thus targeting specific cancers for a more personalized treatment approach [231]. It is
essential to note that long-term and large-scale clinical trials are necessary to ascertain the
efficiency and safety of these compounds in cancer therapy [232-234].
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Abbreviations

The following abbreviations are used in this manuscript:

CDC Centers for Disease Control and Prevention
JNK c-jun N-terminal kinase

CCL chemokine (C-C motif) ligand

CXCL C-X-C motif chemokine ligand

CCR C-C chemokine receptor type

n-3 Fas omega-3 polyunsaturated fatty acids

ALA a-linolenic acid

EPA eicosapentaenoic acid

DHA docosahexaenoic acid

CAA cancer-associated adipocytes

EGCG epigallocatechin-3-gallate

MIP macrophage Inflammatory Proteins

MCP1 monocyte chemoattractant protein 1
RANTES regulated on activation, normal T-cell expressed and secreted
MDSCs monocytic myeloid-derived suppressor cells
Groa, Grol  growth-regulated protein alpha

MGSA-« melanoma growth-stimulating activity-alpha
SDF-1 stromal cell-derived factor 1

NF-«B nuclear factor kappa-light-chain-enhancer of activated B cells
SRY Sex-determining region Y

HIF-1e hypoxia-inducible factor-1a

VEGF-A vascular endothelial growth factor A

Her2 human epidermal growth factor receptor 2
ASC adipose stromal/stem cells

ALDOC aldolase, fructose-bisphosphate C

ENO2 enolase 2

HK1, 2 hexokinase

PFKP phosphofructokinase, platelet

CAA cancer-associated adipocytes

WAT white adipose tissue

VEGF vascular endothelial growth factor

ERK extracellular signal-regulated kinase

ELK1 ETS domain transcription factor 1

EGR1 early Growth Response 1

STAT3 signal transducer and activator of transcription 3
JAK2 Janus kinase 2

TNF tumor necrosis factor

CEBPB CCAAT/enhancer-binding protein bet

EGF epidermal growth factor
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